The Drosophila melanogaster geneflightless-I, involved in gastrulation and muscle degeneration, has Caenorhabditis elegans and human homologues. In these highly conserved genes, two previously known gene families have been brought together, families encoding the actin-binding proteins related to gelsolin and the leucine-rich-repeat (LRR) group of proteins involved in protein-protein interactions. Both these gene families exhibit characteristics of molecular changes involving replication slippage and exon shuffling. Phylogenetic analyses of 19 amino acid sequences of 6 related protein types indicate that actin-associated proteins related to gelsolin are monophyletic to a common ancestor and include flightless proteins. Conversely, comparison of 24 amino acid sequences of LRR proteins including the flightless proteins indicates that flightless proteins are members of a structurally related subgroup. Included in the flightless cluster are human and mouse rsp-1 proteins involved in suppressing v-Ras transformation of cells and the membrane-associated yeast (Saccharomyces cerevisae) adenylate cyclase whose analogous LRRs are required for interaction with Ras proteins. There is a strong possibility that ligands for this group could he related and that flightless may have a similar role in Ras signal transduction. It is hypothesized that an ancestral monomeric gelsolin precursor protein has undergone at least four independent gene reorganization events to account for the structural diversity of the extant family of gelsolin-related proteins and that gene duplication and exon shuffling events occurred prior to or at the beginning of multicellular life, resulting in the evolution of some members of the family soon after the appearance of actin-type proteins.
Introduction
It has been observed in eukaryotes that internal duplications in genes and their translated proteins have occurred frequently in evolution. It is hypothesized that replication slippage (slipped-strand mispairing) may account for the polymerization of repeating duplications of preexisting DNA sequences (Levinson and Gutman 1987) and is a major mechanism for DNA sequence evolution. In addition, other processes, including exon shuffling events (Blake 1978 (Blake ,1985 Gilbert 1978 Gilbert ,1985 such as duplication, insertion, and deletion, may cause differing protein coding sequences to be brought together and reorganized to offer novel mosaics to the scrutiny of natural selection (Blake et al. 1987 ) .
It was found that the predicted fliiphtless proteins of Drosophila melanogaster, Caenorhabditis elegans, and human of 1256, 1257, and 1268 amino acid residues, respectively, contained three large segments or domains (Campbell et al. 1993) . Database sequence comparisons revealed segments 2 and 3 of flightless had a 25%-3 1% identity in sequence to Drosophila gelsolin (Heintzelman et al. 1993) , human gelsolin (Kwiatkowski et al. 1986 ), and pig gelsolin (Way and Weeds 1988 ) . When conservative amino acid replacements were taken into account, approximately 50% similarity to the three gelsolin proteins was observed (Campbell et al. 1993) . High sequence similarity to flightless was also found with many other actin-binding proteins (ABPs) from the gelsolin superfamily, including villin ( Arpin et al. 1988; Bozari et al. 1988; Hofmann et al. 1993) ) adseverin (Nakamura et al. 1994) ) fragmin ( Ampe and Vandekerckhove 1987; Vandekerckhove 1989) , severin (Andre et al. 1988) , and gCap39 /Mbh 1 ( myc basic homology) gelsolin-like F-actin capping proteins ( Prendergast and Ziff 199 1; Yu et al. 1990) .
Segment 1 of the flightless protein, the -400 amino acid leucine-rich-repeat (LRR) domain at the amino terminal end, had significant sequence similarity to LRR domains in a range of proteins, many of which appeared to be involved in protein-protein interactions. These include human and mouse rsp-1 / rsu-1 Ras suppressor proteins (Cutler et al. 1992; Tsuda and Cutler 1993) ; 406 Claudianos and Campbell yeast adenylate cyclase, a vital signal-transducing enzyme thought to be bound to the plasma membrane and interacting indirectly with the Ras protein via 24 tandem LRRs (Kataoka et al. 1985 ) ; the Drosophila tartan gene product containing 14 LRRs and required for normal organization of epidermal and subepidermal structures (Chang et al. 1993 ) ; Drosophila chaoptin, a protein involved in adhesion between photoreceptor cell membranes ( Reinke et al. 1988) ; human a&ycoprotein, containing nine LRRs (Takahashi et al. 1985 ) ; and the Drosophila toll gene product, required for dorsal-ventral embryonic development (Hashimoto et al. 1988) . Database searches and recently published literature concerning LRR proteins (Fresco et al. 1990; Malvar et al. 1992; Tan and Lim 1992; Kobe and Deisenhofer 1993) indicate that there are more than 30 such LRR proteins known, ranging from yeast to human, and involved in many forms of protein-protein binding interactions. The functions of these proteins range from the extracellular domains of receptor molecules involved in hormone binding to cell adhesion, bacterial virulence, DNA repair, and Ras signal transduction. Many of these LRR proteins are involved with the plasma membrane or form part of a membrane-bound complex. The observed high binding affinities may be a consequence of the repetitive hydrophobic and hydrophilic residue periodicities which form highly specialized binding structures, as observed in the recently determined X-ray structure of the horseshoe-shaped porcine ribonuclease inhibitor (Kobe and Deisenhofer 1993) .
The central issue for our phylogenetic study of flightless and related proteins was to ascertain a molecular evolutionary history of this group of proteins. Of particular importance are the internal repeats within the flightless proteins and the similarity to the gelsolin and LRR families, which strongly suggest that they have evolved from smaller repeating segments via gene duplication and replication slippage with degrees of structural and functional conservation. In this study, we have used both maximum-parsimony and distance-matrix methods to construct phylogenetic trees, placing the interrelationships of these proteins on a firmer basis and delineating more clearly some of the major rearrangement events which must have occurred during their evolution.
Material and Methods

Amino Acid Sequences and Alignments
Amino acid sequences of the flightless proteins from Drosophila melanogaster, Caenorhabditis elegans, and human homologues are as we have previously reported (Campbell et al. 1993 ) . Nucleotide and protein sequence databases were searched using FASTA and TFASTA (Pearson and Lipman 1988 ) at the Australian National Genomic Information Service ( ANGIS) at Sydney University and BLAST options ( Altschul et al. 1990) bootstrapped data sets with random addition to produce distances calculated using Dayhoff's ( 1979 ) PAM 00 1 idori et al. 1992; Nakamura et al. 1994) ) which are charmatrix. A consensus tree was calculated from trees proacterized by a similar two-domain structure, with each duced in the program NEIGHBOR using the neighbordomain showing evidence of a similar internal triplijoining method (Saitou and Nei 1987) . cation ( fig. 2 ). Phylogenetic analyses of the gelsolin family, including the three flightless proteins (Campbell
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of Flightless and Related Gelsolin-like Proteins et al. 1993), were conducted. The complete amino acid sequences of 19 proteins, encompassing 10 species from 5 phyla, were aligned and analyzed to produce distancematrix and maximum-parsimony phylogenetic trees. A number of proteins were found to have various A bootstrap heuristic search with amino acid redegrees of similarity to the flightless proteins ( fig. 1 ).
placement weightings was done using a random addition The 5 ' end of the flightless nucleotide sequences transsequence of taxa to produce a maximum-parsimony tree lated to a -400 residue domain consisting of 16 tandem 5,285 characters in length ( fig. 3 ). The unrooted PAUP repeats of a 23 amino acid LRR (Campbell et al. 1993 ) . phylogram was rooted using the outgroup method, with
Further 3' to this, two large duplicated domains were the ancestral taxon Drosophila discoideum severin proidentified, each characterized by three tandemly repeated tein as the outgroup. Taxa that remained together in sequences of between 125 and 150 amino acids. Each >70% of bootstrap replications are considered to have of these duplicated domains, or segments 2 and 3, of the a >95% probability of representing true clades (Hillis flightless proteins showed overall sequence similarity to and Bull 1993). The placing of D. discoideum protovillin the ABPs severin, fragmin, gCap39, Mbhl , and human (Ddvil) proved to be the only significant branch-order macrophage capping protein (Mcp), while the overall difference between weighted and unweighted trees (not structure of segments 2 and 3 resembled the proteins shown); the node is represented with a poor bootstrap gelsolin, villin, and adseverin (Kwiatkowski et al. 1986 ; value of 54% in the weighted tree ( fig. 3 ). Yu et al. ( 1992) . A schematic view of the flightless protein indicates how the region shown in detail fits into the overall structure of the protein.
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et al. 1990) of D. discoideum as the ancestral taxon at the base of the tree. The actin filament capping proteins (gCap39, Mbhl, and Mcp) and intestinal brush-border villin proteins appear as more recent arrivals. The phylogram confirms major molecular structural changes to this group of related proteins, including domain duplication between the sever-in-gelsolin / flightless/ villin nodes, domain insertion (exon insertion) of the LRR module at the flightless node, and insertion of the villin head-piece module at the protovillin node. Our data sets proved to be robust with respect to the addition or deletion of protein taxa (not shown) and have indicated a good degree of congruence where proteins remain monophyletic to a common ancestral single-segmenttype protein such as D. discoideum sever-in. The mouse GenBank sequence MMU04354, listed as encoding a gelsolin-related protein, was shown to be 89% identical to bovine adseverin (Nakamura et al. 1994) , and together, they produced a closely related sister cluster to the vertebrate gelsolin proteins ( fig. 3 ) . A bootstrapped distance matrix tree generated using Saitou and Nei' s ( 1987) neighbor-joining algorithm showed some variation from the PAUP tree topology. In the distancematrix tree, Drosophila and lobster gelsolins (Drogel, Hacgel) are placed next to and are the most closely related taxa to the monomeric fragmin /severin proteins (data not shown).
Phylogenetics of Flightless and Other LRR Proteins
The closest similarity of the flightless LRR segment appears to be to the putative human and mouse rsp-1 proteins (Cutler et al. 1993; Tsuda and Cutler 1993) , capable of suppressing v-Ras transformation of cells. High similarity scores to flightless proteins were also obtained for yeast Saccharomyces cerevisiae and S, kluyveri adenylate cyclases ( Kataoka et al. 1985 ) and a receptorlike protein kinase from the plant Arabidopsis thaliana. The LRRs of S. cerevisiae adenylate cyclase have been shown to be regulatory regions involved in Ras signal transduction (Field et al. 1990; Suzuki et al. 1990) .
A GAP alignment of the human flightless LRR with the human rsp-1 amino acid sequence reveals 53% similarity and 35% identity between repeats 9-16 of flightless and the contiguous full complement of 7 corresponding tandem repeats in the rsp-1 protein. The similarity between flightless proteins and the putative rsp-1 proteins is mirrored by a 57% similarity and 35% identity to the regulatory regions of S. cerevisiae adenylate cyclase (Cutler et al. 1992) (fig. 4) . The flightless, rsp-1, and yeast adenylate cyclase proteins share a common repeated
tree derived by maximum-parsimony analysis of amino acid sequences of gelsolin-related proteins. Bootstrap values indicated at nodes identify major groups. The size of the branch lengths reflect the weighted amino acid replacement substitutions needed to convert one amino acid to another; the total length of the tree is 5285 character replacements. Six main clusters identify the six homologous protein types used in this analysis; schematic structures are given alongside. Schematic domains numbered 1 and 2 are related to the duplicated segments of gelsolin. The flightless proteins are unique members of this protein family represented early in this putative evolutionary lineage. The tree is monophyletic between severin and the vertebrate gelsolin proteins, indicating domain rearrangements (duplication, insertion, and possible deletion).
23-amino acid LRR motif, XXaX XLXXLXXLD/ NLSXNXaX XaP (where a indicates an aliphatic amino acid and X is any amino acid) ( fig. 4) ) suggesting the possibility that the LRR regions for all three protein types have a binding affinity for a related ligand. We have produced consensus sequences from the multiple aligned repeats of each LRR protein, making it possible to recognize similarity and variation between the LRRs of these proteins. The crystal structure of porcine ribonuclease inhibitor protein (Kobe and Deisenhofer 1993) has recently been determined, allowing precise assignment of the beginning and end of the consensus LRR sequences. We have categorized 24 such LRR proteins into 5 groups of a similar consensus type and length ( fig.  5A) . One of the five groups contained the flightless proteins, rsp-1 proteins, the yeast adenylate cyclase proteins, S. cerevisiae CCR4 protein required for ADH2 gene expression, and a protein kinase receptor from A. thal-
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iana. A multiple alignment ( fig. 5 B) is consistent with the observation of a conserved P-sheet motif in each LRR, as reported by Kobe and Deisenhofer ( 1993) for the porcine ribonuclease inhibitor protein. It has been suggested that the secondary structural constraints (residue folding and packing) concerning the length of the hydrophobic LRR repeats, between 22-29 amino acids, and terminating with proline, could produce an extended P-helix structure not dissimilar to that of the protein pectate lyase (Yoder et al. 1993 ) . This type of extended P-sheet structural arrangement may exist in the Nterminal LRR region of the flightless proteins.
Discussion
Sequence Similarity and Dissimilarity in Flightless and Related Proteins
Sequence similarities between the flightless proteins and two protein families, the gelsolin-like proteins and the LRR proteins, were detected ( fig. 1 ). The flightless proteins represent the first known case where these protein families, which differ in their documented functions, are joined in the same molecule. The distinctive LRR segment of flightless would logically provide this protein with more than simply the gelsolin-like functions of calcium-dependent nucleation, severing and capping of F-actin filaments in the cytoskeleton of eukaryotic cells (Way and Weeds 1990; McLaughlin et al. 1993 ). Proteins containing LRR regions generally appear to be involved in protein-protein binding interactions, some of which are associated with cell membranes (Tan and Lim 1992) . The conservation of the amino acid residues of the LRR module ( fig. 5 ) of flightless would indicate that this novel protein has acquired some function similar to that of the related Ras signal-transducing LRR domains of the vertebrate rsp-1 and the plasma membranebound Saccharomyces cerevisiae adenylate cyclase proteins (Kataoka et al. 1985; Cutler et al. 1992) . Gelsolin is ubiquitous and competes with other actin-binding proteins, depending on relative binding affinities and protein concentrations (Kwiatkowski et al. 1986 ). However, the flightless protein, as well as having a putative binding capacity for actin or an actin-like molecule, is also likely to bind to another, as yet unidentified molecule, possibly localized at the plasma membrane. This bifunctionality could, for example, be involved in the tethering of actin filaments to membranes or other intracellular structures or to the modulation of the activity of the gelsolin-like domain by an effector protein involved in Ras signal transduction.
Molecular Systematics of the Gelsolin Family of ,Proteins
Although many proteins have been categorized according to their structural similarity to gelsolin, in 34-56, 57-79, 80-102, 103-127, 128-150, 15 l-173, and 174-196 as given by a PRETTY consensus sequence below (+ indicates conservative amino acid replacements). The alignment shows a conserved 23 residue hydrophobic motif of xxaxxLxxLxxLD/NLSxNxaxxaP, where a denotes conserved aliphatic (L/I/V) residues, and x is any amino acid.
our reading of the literature, there has not been a molecular systematic assessment of the evolutionary lineage of the gelsolin protein family. The flightless proteins form a separate cluster in each of our trees, suggesting that proteins of this type may occur in organisms more ancient than nematodes. Mutantflightless-l alleles have been shown to be lethal in early embryogenesis (Miklos and de Couet 1990; Campbell et al. 1993) ) and it appears that the flightless protein is critically important for correct cellularization of the mesoderm in Drosophila. The proximity of the flightless proteins to D. discoideum protovillin and to the monomeric ancestor-type severin protein in the phylogenetic trees indicates that the flightless proteins have a phylogeny that extends to very early eukaryotic organisms. Actin is a highly conserved cytoskeletal protein found in the earliest single-celled eukaryotes through to higher vertebrate organisms, and it has been used to estimate phylogenetic relationships among protists, animals, and plants (Baldauf and Palmer 1993 FIG. 5.--A, Preliminary classification of 24 LRR proteins most similar to flightless into five related groups. LRR motif comparisons from these proteins indicated parallel similarities in conservation of sequence and motif length based on the scheme first proposed by Takahashi et al. (1985) . The placement of these LRR proteins was facilitated by the A and B motifs as interpreted through the crystal structure of porcine ribonuclease inhibitor protein (Kobe and Deisenhofer 1993) , allowing precise assignment of the beginning and end of the consensus LRR sequences. GenBank accession numbers are listed in materials. B, LRR consensus sequences indicating conserved amino acid residues (75% plurality) in a multiple alignment of the above five groups. The highly conserved 1 I residue hydrophobic motif (light shading) and the b-sheet structure described in the crystal structure of pig ribonuclease inhibitor protein are indicated and are present in all examined sequences. Lowercase letters indicate less conserved residues with approximately 50% plurality. The letterxdenotes any amino acid; a,conserved aliphatic residues; +, conserved amino acid replacement (D/N) found at position 13 of group 4; and a period, missing sequence. Doolittle et al. 1989) ; it would be reasonable to suggest that functionally important actin-associated proteins, such as the flightless protein, evolved soon after the appearance of actin. The occurrence in the slime mold D. discoideum of at least two members of this group, severin and protovillin, suggests that these proteins evolved and subsequently underwent gene reorganiMolecular Phylogeny of Flightless-I Proteins 4 11 zation events before the arrival of complex multicellular life forms. Of interest were the placing of the proteins encoded by the Caenorhabditis elegans CEL04E7 expressed sequence tag cDNA clone (Waterston et al. 1992 ) and a gelsolin-like mouse cDNA (GenBank MMU04354), which were detected in our database searches. The C.
elegans CEL04E7 sequence, when included in our analysis, appeared closely related to the severin cluster in our trees (not shown). The full-length cDNA sequence would show whether the corresponding gene encodes a monomeric or dimeric member of the gelsolin family. It is apparent that the mouse MMU04354 cDNA encodes a homologue of bovine adseverin. A GAP alignment (not shown) revealed 89% identity and 93% similarity between the amino acid sequences of the two proteins, which are appreciably more similar to each other than either of them is to any of the members of the nearby vertebrate gelsolin cluster ( fig. 3) , Vertebrate gelsolins and the bovine adseverin protein have previously been shown to be closely related in sequence and function ( Nakamura et al. 1994) ) and our analysis, which includes the mouse adseverin sequence MMU04354, confirms this picture. The evolution of the adseverin proteins appears to be a consequence of a duplicate gelsolin-like gene arising in an ancestral organism. The close sequence homology and overlapping functions between these proteins raise significant questions of descent and identity among homologous proteins from more distant organisms. Thus, it is unclear with present data whether the Drosophila and lobster gelsolin-like sequences ( Drogel and Hacgel, fig. 3 ) should be designated as gelsolins or adseverins or whether they represent a prototypical or even a third type of such dimeric molecules.
A phylogenetic analysis of the gelsolin-related proteins using PAUP produced a cladogram which placed severin and fragmin as the outgroup proteins at the base of the tree and the actin-filament capping proteins murine Mbh 1, gCap39, and human Mcp and the intestinal brush-border villin proteins as more recent arrivals. The flightless proteins were situated in a separate cluster and placed earlier than the twin-segment protovillin and villin proteins which contain a head-piece module similar to that of human erythroid dematin protein involved in actin-bundling and actin reorganization (Rana et al. 1993) . Both the PAUP and matrix neighbor-joining trees show the gelsolin-related proteins as monophyletic. All the proteins are related to an ancestral single-segment type, such as the slime mold proteins severin and fragmin, which duplicated early in the evolution of this protein family. It is noteworthy that the single-segment precursor itself was apparently produced by a series of events which resulted in an internal triplication in this molecule (Way and Weeds 1988) .
The existence of additional unrelated domains, such as the flightless LRR module and the villin headpiece, indicates that gene insertion events have also taken place during the evolution of these proteins. Also, the close relationship to the vertebrate gelsolin segment 1 of the single-segment capping proteins suggests that an event involving the deletion of a gelsolinlike segment 2 may have taken place since the duplication of the ancestral segment, possibly via unequal crossing-over during chromosomal recombination (Ohta 1983; Dover 1986) . A hypothetical series of events to explain the interrelationship of the various gelsolin-like proteins is given in figure 6 . This scheme proposes that at least one gene duplication, two gene insertions, and one gene deletion are the molecular events which brought about the structural complexity of the known proteins in this family.
Implications for Flightless Protein Function
In conclusion, the high degree of conservation of the flightless protein coupled with the likelihood of a critically important biological role (Campbell et al. 1993) in organisms as distantly related over evolutionary time as Homo sapiens, Drosophila melanogaster, and Caenorhabditis elegans suggests that this gene will be found across a wide spectrum of eukaryotes. It would be of interest to determine whether further members of theflightless gene family exist in yeast and slime mold (D. discoideum). The identification of such hypothetical sequences would allow a more rigorous phylogenetic analysis of this gene family. Functional studies concerning the interaction of the flightless protein with actin and possibly with other associated proteins in the cell and plasma membrane are required to determine the exact roles of the various flightless domains. If the LRR module of the flightless proteins has a ligand related to that of the Ras-interacting rsp-1 and yeast adenylate cyclase proteins, the flightless protein may play an essential role in regulating the actin cytoskeleton. It is has been suggested that disruption of expression or mutation of such regulatory cytoskeletal genes could result in developmental abnormalities and tumorigenesis (Stossel 1993) .
In this regard, the humanflightless gene has recently been mapped to chromosome 17~11.2 and is the first protein-coding gene shown to map into the critical region deleted in the Smith-Magenis syndrome (Chen et al. 1995) . The Smith-Magenis syndrome (Greenberg et al. 199 1) is a contiguous gene microdeletion syndrome in which affected patients suffer from a complex spectrum of developmental and behavioral abnormalities including facial malformation, brachydactyly, mental retardation, and self-destructive behavior. Haploinsufficiency of theflightless gene or mutation in the remaining allele could explain part of this complex phenotype.
Most importantly in the present context, we suggest that the combination of otherwise unrelated LRR and gelsolin-type protein modules, as seen in the flightless proteins, has allowed a ubiquitous primordial gelsolintype module to develop into a vital cytoskeletal gene with a new evolutionary trajectory. Such events involve the development of molecular novelty and may be part of the major biological changes necessary for higher levels of cellular organization and the arrival of complex multicellular life.
